BACKGROUND: Catheter, needle, and electrode misplacement in navigated neurosurgery can result in ineffective treatment and severe complications. OBJECTIVE: To assess the Ommaya ventricular catheter localization accuracy both along the planned trajectory and at the target. METHODS: We measured the localization error along the ventricular catheter and on its tip for 15 consecutive patients who underwent insertion of the Ommaya catheter surgery with a commercial neuronavigation system. The preoperative computed tomography/magnetic resonance images and the planned trajectory were aligned with the postoperative computed tomography images showing the Ommaya catheter. The localization errors along the trajectory and at the target were then computed by comparing the preoperative planned trajectory with the actual postoperative catheter position. The measured localization errors were also compared with the error reported by the navigation system. RESULTS: The mean localization errors at the target and entry point locations were 5.9 6 4.3 and 3.3 6 1.9 mm, respectively. The mean shift and angle between planned and actual trajectories were 1.6 6 1.9 mm and 3.9 6 4.7°, respectively. The mean difference between the localization error at the target and entry point was 3.9 6 3.7 mm. The mean difference between the target localization error and the reported navigation system error was 4.9 6 4.8 mm. CONCLUSION: The catheter localization errors have significant variations at the target and along the insertion trajectory. Trajectory errors may differ significantly from the errors at the target. Moreover, the single registration error number reported by the navigation system does not appropriately reflect the trajectory and target errors and thus should be used with caution to assess the procedure risk. A key step in neuronavigation is the accurate intraoperative alignment, commonly called registration, between preoperative CT/MRI images and the intraoperative physical head. A common approach for patient-to-image registration is point-based registration, in which points are individually selected on each data set and paired to each other on the basis of their correspondence. Points can be marked with bone-mounted screws/spheres, adhesive skin markers, and anatomic landmarks. It has been shown that bone-mounted screws result in better accuracy than adhesive skin markers and anatomic
markers.
1,2 However, they are invasive, and with regard to diagnostic yield and complication rate, the frameless stereotactic biopsy procedure was found to be comparable to or better than the frame-based method. 3 Some studies have shown that adhesive skin markers are associated with better accuracy than anatomic landmarks. 4, 5 However, we have shown that this is not always the case because the accuracy depends on the selected anatomic landmarks and on the number of markers and their locations. 6 The tragus, for example, is associated with a lower localization error than the adhesive marker. Moreover, we observed situations in which skin markers were dropped and reattached between preoperative scanning and the operation and situations in which the adhesive marker drifted during intraoperative registration because of skin stretching. In addition, adhesive markers require shaving larger areas and increase discomfort to the patient.
Inaccuracies in target and trajectory localization when using image-guided neuronavigation systems may result in serious complications such as hemorrhage, neurological deficit, catheter malfunction, and nondiagnostic tissue samples. 3, [7] [8] [9] Because of its clinical importance, the localization accuracy of image-guided navigation has been studied extensively. 1, 2, 4, 6, The most clinically relevant measure is the discrepancy between the planned target location as defined on the preoperative CT/MRI and the actual tool tip location when it reaches the target with the navigation guidance. This discrepancy is called the target registration error (TRE). 31 In vivo studies usually report the fiducial registration error or the TRE on markers attached to the patient skull or estimate the intracranial accuracy with a theoretical formula or laboratory experiments. 4, 6, 15, 17, 24, 25 Clinical studies, including our own,
show that these error measures do not necessary reflect the actual intracranial accuracy. Only a few studies measured the actual intracranial TRE of the navigation systems by fusing the preoperative image and planned target with the postoperative image. 15, 16, 18, 19, 23 No study has been conducted to assess the localization error along the insertion trajectory of the catheter, needle, or probe and the related risk to nearby structures such as blood vessels.
The aim of this study is to retrospectively quantify the localization error both at the target and along the entire insertion trajectory, in addition to the standard fiducial registration error/TRE. The localization accuracy along a trajectory may have a high variability and may be significantly different from the TRE because the accuracy varies with the location of interest. 6, 11, 20, 25, 31, 32 Specifically, we measure the localization errors along the trajectories and targets for patients who underwent insertion of the Ommaya catheter guided by a commercial neuronavigation system. Ommaya catheter insertion surgery may be indicated for onsite repeated drug delivery to the ventricular system, for repeated cerebrospinal fluid (CSF) sampling, and for cystic lesions evacuation. [33] [34] [35] The implanted catheter is clearly visualized on postoperative CTs, so its skull entry point, the catheter tip final location, and the entire trajectory can be measured and compared with the preoperative surgical planning ( Figure 1A ).
CLINICAL MATERIAL AND METHODS
We retrospectively measured the localization error along the catheter trajectory and on its tip for 15 consecutive patients who underwent keyhole minimally invasive Ommaya catheter placement surgery by 3 different neurosurgeons.
Hardware and Instrumentation
The optical digitizer-based neuronavigation system used in our procedures has been previously described (StealthStation/Treon, Medtronic, Boulder, Colorado). 1, 23 The catheter guide, a hollow 120-cm-long tube with 4 LEDs mounted on a butterfly-shaped shield, is firmly attached to the surgical arm. We used a specially designed, adjustable, 3-piece surgical arm (Medtronic) that is attached to the Mayfield head holder and rigidly fixed during the procedure by way of single prominent thumbscrew, creating a stable platform that provides precise trajectory refinement along isolated axes. Surface facial landmarks and fiducial markers are the basis for point-to-point registration between the patient's head and the image volume. Nine surface facial anatomic landmarks and 1 fiducial applied above the bregma were used for registration. A typical setup incorporated the left/right tragus, left/right lateral and medial cantus, left/right helical cruz, and the nose bridge.
Imaging Data Acquisition and Processing
Preoperative, 3-dimensional (3D), contrast T1-weighted MRIs (GE Medical Systems, Milwaukee, Wisconsin) with 1-mm slide width containing the areas of interest and the set of anatomic and fiducial markers were obtained the night before surgery for 5 patients (33%). Ten patients (66%) completed preoperative 1.3-mm-slide-width contrast CT images for interpolated 3D volume visualization. Image resolutions are 0.47 3 0.47 3 1.0 and 0.61 3 0.61 3 1.0 mm 3 , respectively. Imaging studies were transferred via the hospital network to the neuronavigation system and presented in triplanar anatomic and/or navigational views, as well as 3D surface reconstruction and oblique views.
Surgical Planning
The anatomic and fiducial markers were identified in the images, and their locations were recorded. The catheter tip target is selected just above the floor of the right frontal horn 5 mm anterior to the foramen of Monro to avoid adhesion of the choroid plexus with the catheter holes and to allow optimal location of all the catheter holes within the ventricular system. The preferred cortical entry point is chosen usually at the middle or superior frontal gyrus anterior to the coronal suture remote from CT/MRI-visible major cortical veins or the sagittal sinus. By using the multiplanar and oblique images and target and trajectory guidance features displayed on the computer screen, we can simulate each selected entry and trajectory to obtain the optimal surgical plan. On completion of the surgical planning process, the selected target and entry points are recorded and stored.
Operative Technique
The patient is placed in a supine position with the head in neutral position with slight flexion after full general anesthesia is administered. The patient's head is firmly fixed in a Mayfield head-holder attached to the surgical table. The reference arc is then clamped to the Mayfield head holder.
Patient-to-image registration is performed with the neuronavigation wand and the 10 predefined surface facial landmarks and/or adhesive marker. After the registration is complete, we perform a short neuronavigation session for registration accuracy verification and locate the entry point previously selected in the surgical planning phase. The entry point is marked, minimally shaved, and prepared with antiseptic solution, and the patient's head is covered with a sterile drape. The multiarticulated arm is now mounted on the Mayfield head holder, and a sterile reference arc is placed. To provide stabilization, the catheter guide tip is positioned at the entry point flush to the skin surface and is activated and maneuvered until 3 colored circles representing the true target and the projection of the actual trajectory are displayed concentrically, indicating that the guide is located on the selected entry point and pointed toward the target in the proper trajectory. A 3-cm linear incision centered at the entry point is made, and the multiarticulated arm, with the attached catheter guide, is rigidly fixed against the skull with a single screw ( Figure 2A ). Position and trajectory alignment are verified again, and the exact catheter length from the tabula interna to the target is recorded and marked with a black sterile marker on a standard 2-mm ventricular catheter ( Figure 2B ). A handheld twist drill hole (2.7-mm drill diameter) is made, penetrating the skull inner table by a few millimeters to incise the dura. A 2.7-mm reducing tube is secured into the catheter guide. Then, the ventricular catheter is inserted to the FIGURE 2. Intraoperative execution. A, the catheter guide attached to the surgical arm is rigidly fixed against the skull, and the ventricular catheter is passed through a 2.7-mm reducing tube (not shown) to the target. B, after removal of the catheter guide, the specific catheter length is marked on a standard 2-mm ventricular catheter (black arrowhead) and passed through 2.7-mm twist drill.
target with a stylet (Figure 2A) . The stylet is then pulled out and CSF flow is verified. At this point, the catheter is secured manually against the skull with a coated bayonet while the reducing tube and the catheter guide are carefully removed ( Figure 2B ). The Ommaya reservoir is then attached to the catheter end and placed under the skin medial to the incision. The catheter black length mark location is verified exactly at the entrance to the skull ( Figure 2B ), and the reservoir is anchored with 3/0 silk suture to the periost. CSF sampling is obtained through the reservoir for routine analysis, and the skin is closed in normal fashion.
A volume noncontrast CT scan with a resolution of 0.61 3 0.61 3 1.0 mm 3 was performed later the same day for all patients to screen for catheter positioning before injection of chemotherapy and for silent hemorrhage. The Ommaya catheter is clearly visible on the postoperative image ( Figure 1A ). Patients with no clinical or radiological complications are discharged the next morning.
Measurements
To quantify the planned vs resulting trajectory accuracy, we performed an automatic rigid registration between the preoperative CT/ MRI image and the postoperative CT image of each patient with the Cranial Application (Medtronic) image-fusion module. The accuracy of the image fusion used in this study may have a direct effect on the localization error. Mascott's 16 study reports that the accuracy of the automatic registration method in the Medtronic station is practically identical to that of a manual registration method with skull implanted markers, which is , 1 mm on average. For each of the 15 cases, a senior neurosurgeon validated the image fusion visually on predefined anatomies and anatomic landmarks. In all cases, the registration was deemed visually accurate, with no deviations observed between the fused preoperative and postoperative images.
To quantify the target and trajectory registration errors, we define 4 clinically relevant error measures: TRE, the distance between the planned and actual catheter tip location; entry registration error (ERE), the distance between the planned and actual catheter skull entry point; angular registration error (ARE), the angle between the planned and actual surgical tool trajectory; and shift registration error (SRE), the distance between the closest points on the planned and actual surgical tool trajectories. The SRE is defined because 2 trajectories in the 3D space do not necessarily intersect each other. When the actual trajectory intersects the planned one, the SRE is zero but the other errors are not.
In addition, we recorded the reported navigation registration error from the navigation system when available. The centerline of the implanted catheter was accurately identified (SD , 0.3 mm) on the postoperative CT images by repetitive selections of the entry, target, and tens of points along the trajectory. It was hard to define the actual catheter insertion point because the catheter grey level in the image was the same as that of the skull. Detection of the actual entry point required further adjustments of the color parameters (eg, window, level, and color map) and careful visual inspection in the vicinity of the entry-point zones. Despite our efforts, in 3 of the 15 cases, the variability in the repetitive selections of the entry point was large (SD . 0.5 mm), so its location could not be identified with sufficient accuracy and was discarded.
The spatial errors were then computed from the 2-dimensional measurements obtained on orthogonal planes as we describe in the following section (Figure 1 ). All 4 measures, ERE, SRE, ARE, and TRE, are needed to describe the discrepancy between two 3D spatial trajectories. We investigate the contribution of each component to get a broader picture regarding the actual application accuracy.
Target and Entry Registration Errors
Given the distance between the planned point of interest (eg, target or entry point) and its actual location on 2-dimensional perpendicular views of the 3D image, the spatial distance between the 2 points is derived by the following formula ( Figure 3 where p and q are the points of interest, spatial_dist is the desired spatial distance between the points, and plane_xy_dist, plane_xz_dist, and plane_yz_dist are the measured distances on the 2-dimensional orthogonal views of the spatial preoperative and postoperative images.
Angular and Shift Registration Errors
To measure angular and shift registration errors, we selected the probe's eye view mode in the Cranial Application. The probe's eye view is perpendicular to the planned trajectory ( Figure 1B ) and can be scrolled along the planned trajectory. Because the preoperative image (and hence the planned trajectory) is aligned with the postoperative image, we can directly measure the signed distances from the planned trajectory to the actual catheter placement at each point of the trajectory (when the actual catheter placement intersects the planned trajectory, we multiply by -1 the distances after the intersection). Then, a 2-dimensional line is best fitted in a least-squares manner on the measured data, and the angle between planned and actual trajectories is computed (Figure 4) . The SRE is the distance between the closest points of the planned and actual trajectories. The spatial distance between the planned and actual entry and target points was computed from distances between the points measured on 3 orthogonal 2-dimensional views as follows. Let p = (x p ,y p ,z p ) be the planned location (black crossed circle) and q = (x q ,y q ,z q ) be the actual location (grey crossed circle). The distance between p and q is spatial_dist 2 (p,q) = (x p -x q ) 2 + (y p 2 y q ) 2 + (z p 2 z q ) 2 . The distances on the planes xy, xz, and yz are as follows: plane_xy_dist 2 (p, q) = (x p 2 x q ) 2 + (y p 2 y q ) 2 , plane_xz_dist 2 (p, q) = (x p 2 x q ) 2 + (z p 2 z q ) 2 , and plane_yz_dist 2 (p, q) = (y p 2 y q ) 2 + (z p -z q ) 2 , respectively. Therefore, the sum of the 3 squared 2-dimensional distances is twice the squared spatial distance (Eq. 1).
RESULTS
The Table summarizes the results. The mean TRE, ERE, ARE, and SRE were 5.9 6 4.3 mm (maximum, 14.9 mm), 3.3 6 1.9 mm (maximum, 11.5 mm), 3.9 6 4.7°(maximum, 16.0°), and 1.6 6 1.9 mm (maximum, 7.2 mm), respectively. The mean navigation registration error was 1.4 6 0.4 mm (maximum, 1.9 mm). The mean absolute difference between the TRE and ERE was 3.9 6 3.7 mm (maximum, 10.9 mm). The mean absolute difference between the actual TRE and the navigation registration error was 4.9 6 4.8 mm (maximum, 13.2 mm).
DISCUSSION
Image-guided surgery is a mature technology with clinically demonstrated benefits. [36] [37] [38] [39] However, its full range of capabilities and limitations and its application accuracy are still under investigation. 4, 6, 40, 41 The present study aims to measure the registration and application error of the entire trajectory from the entry point down to the target by comparing preoperative planning for Ommaya catheter insertion surgery with the actual catheter location on postoperative imaging.
We found that the true average TRE was 5.9 6 4.3 mm. Such error may result in misplacement of the catheter into the third ventricular or in the adjacent brain parenchyma. Dislocation of the ventricular catheter may also be associated with catheter malfunction. 42 Our results include the clinical application accuracy of the commercial navigation system. Extrapolating our results to the case of frameless stereotactic biopsy, this error may lead to nondiagnostic samples, especially in small-volume lesions, or to significant hemorrhage when the lesion is in close proximity to blood vessels. 7 Our observations also show that the localization error changes significantly along the trajectory. The TRE for patient 1 was 3.7 mm, which was deemed clinically acceptable. However, 52 mm before the target, at the cortical penetration point of the catheter, a catheter misplacement of 11.5 mm was measured, which is 3 times as much as the TRE error and may have clinical significance. The cortical surface is rich with blood vessels, so a deviation of such magnitude from the planned cortical penetration point might increase the risk of vascular injury. This shows that although the TRE is clinically acceptable, the localization error along the trajectory may not be adequate. In addition, low ARE and SRE do not necessarily imply low TRE. Patient 4 has ARE and SRE values that are much lower than those of patient 1, but the observed TRE of patient 4 was almost double that of patient 1. Therefore, the above parameters are not directly correlated to each other. It is important to consider the entire .3) 3.3 (1.9) 3.9 (4.7) 1.6 (1.9) 1.4 (0.4) a ARE, angular registration error; ERE, entry registration error; NRR, navigation registration error; SRE, shift registration error; TRE, target registration error.
trajectory because critical structures such as blood vessels and eloquent areas can reside far from the target but close to the trajectory and the entry point.
Another important observation is that the registration error reported by the navigation system may significantly differ from the actual trajectory and TREs. In patient 13, the navigation system reported a registration error of 1.9 mm, whereas the actual TRE was 13.4 mm. This finding is in line with the results of previous studies. 6, 15, 25 One reason for this underestimation is the existence of other sources of error that are not accounted for in patient-to-image registration. Additional sources of error in the localization of the catheter include the preoperative image quality and resolution, the accuracy of the tracking system, the tracked tool calibration error, and the catheter manipulation during the procedure. We observe from the fused images that the catheter is usually deeper than the planned target and believe that it was caused mainly during the fixation of the catheter and the attachment of the reservoir to it and the periost. No brain shift was observed in any of the cases. Moreover, the intracranial catheter remained straight (no bending) in the postoperative images of all patients, as can be seen in Figure 1 and as confirmed by our measurements (Figure 4 ). This result is consistent with the fact that the catheter is guided with a stylet that prevents its bending during insertion. After the stylet is removed, about 4 cm of the catheter remains within the supporting frontal lobe parenchyma; only the distal 2 to 2.5 cm of the catheter is located in the ventricle itself; and the catheter tip is usually positioned against the floor of the frontal horn. Therefore, in this situation, the catheter will largely remain straight as demonstrated on postoperative CT. In addition, recent theoretical studies show that even when considering only the internal sources of error in patient-to-image registration, common measures can underestimate the TRE. 40, 41 Therefore, large discrepancies between the expected and actual TREs occur even without external sources of error that are not involved in the patient-to-image registration. The large measured TRE values suggest that the present method may not be safely used in applications that require a very precise localization. Moreover, it is clear that a single registration error value such as that reported by the navigation system cannot describe the large variability of errors along the trajectory. Therefore, other methods for the estimation and visualization of the system accuracy are needed.
Because facial anatomic landmarks are sometime associated with less accurate registration than multiple adhesive skin markers, 5 it is possible that other registration setups will result in smaller error values that may be closer to the error reported by the navigation system. Yet, because angular error is also important, the single number reported by the commercial navigation system does not reliably represent the actual error in surgical tool insertion that varies along the trajectory. Therefore, the expected error should be with respect to a specific target location.
We identify several ways for improving the accuracy and safety in neuronavigation systems. To improve accuracy, skull-or skinmounted markers can be used. 4 However, markers do not always lead to a clinically significant accuracy improvement. 11 Moreover, adhesive markers are sometimes associated with patient discomfort and may fall or shift because of mishandling. Surfacebased registration is associated with registration errors that are similar to those of anatomic landmarks. 4 Another option is to compute the optimal marker locations and the best anatomic landmarks subset. 10, 43 These methods show the neurosurgeon what anatomic landmarks to choose and where to place the markers on the basis of the diagnostic images and with respect to the target location. Preliminary experiments show a significant improvement in the accuracy of tool localization. Moreover, new point-based registration methods 44, 45 that incorporate a more realistic localization error model have the potential to better estimate the patient-to-image transformation. As for improving the evaluation of the expected accuracy, recent TRE estimation methods incorporate a more realistic localization error model and have the potential to better estimate the actual TRE. 46, 47 Yet, none of the recent or previous methods were validated in a realistic clinical neuronavigation setup. We are currently developing an uncertainty geometric model that is based on the measured errors and that can be used for the evaluation of possible surgery outcomes. Methods for the computation of trajectories that are in a safe distance from critical structures reduce the risks associated with tool misplacement in neuronavigation. 48 The methods automatically compute the risks along tens of thousands of candidate trajectories and present them to the neurosurgeon for further refinement. Methods to improve the accuracy and safety of the trajectory and target localization should be further developed and examined under a clinical setup.
CONCLUSION
The catheter localization errors in standard neuronavigation have significant variations at the target and along the insertion trajectory, which may differ significantly from the error at the target. Furthermore, the single registration error number reported by the commercial navigation system does not appropriately reflect the trajectory and target error and thus should be used with caution to assess the risk of the procedure. The neurosurgeon should consider the optional significant deviation from the planned trajectory and the consequent outcome complications when selecting the entry and target points.
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This work was supported by FP7 ERC ROBOCAST grant 21590. The authors have any no personal financial or institutional interest in any of the drugs, materials, or devices described in this article. neuronavigation and it is very difficult to minimize them all. The authors correctly point out that neurosurgeons should not feel safe just because the navigation system reports a low value for the fiducial registration. Additional care must be taken during placement of flexible devices such as ventricular catheters that can deviate along the planned trajectory. Electromagnetic field-based neuronavigation systems use tracked stylets that provide real-time information on the position of the catheter tip, thus allowing online correction of tip deviation. This has become our preferred method, when possible, for placing flexible devices in the brain and ventricles Joshua Rosenow Chicago, Illinois
